electronegativity, electron pair density, extracule, computational chemistry, topology https://mc06.manuscriptcentral.com/cjc-pubs Localized electron pair densities are explored with the purpose of developing a relationship between properties of the electron pair centre-of-mass and atomic electronegativities. These electron pair centre-of-mass densities are determined for the localized molecular orbital representing the A−H bond in a compound AHn (where n = 1 − 3) for each of the first and second row atoms with available valence sites. By analyzing the topography of these densities, we observe the migration of the electron pair as the electronegativity of atom A changes. We demonstrate strong linear correlations between features of these centre-of-mass densities and various empirically-based electronegativity scales, all of which are defined in significantly different ways. Based on strong agreement with past electronegativity scales, we propose the use of localized electron pair centre-of-mass densities as a simple and intuitive theoretical model for electronegativity. We have thus presented herein our own electronegativity scale, employing Pauling units as is common amongst many existing scales.
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Using the Centre-of-Mass of Localized Electron Pairs to Quantify Electronegativity
I. INTRODUCTION
Electronegativity is an important chemical property that is used to explain many periodic trends from polarity and partial charges to atomic size. Understanding electronegativity is paramount in organic chemistry to understand the electrophilic/nucleophilic regions which help guide synthetic procedures. The development of the concept of electronegativity is commonly attributed to Pauling; however, the idea has been discussed since the late 18th century. [1, 2] Regardless, Pauling was the first to quantify the property and his electronegativity scale is still in common use today. [3, 4] Pauling's definition of electronegativity, χ, was based on differences in bond dissociation energies (E d ) of two homonuclear diatomics, A−A and B−B, compared to that of the heteronuclear diatomic, A-B. This was expressed mathematically as
where the dissociation energies are expressed in terms of electron volts (eV). Since this initial quantification of electronegativity, there have been numerous different scales developed in an attempt to accurately quantify this highly useful property. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] These scales are based on various physical properties including bond force constants [7] , effective nuclear charge/covalent radii [6, 10] , ionization potentials/electron affinities [5] , etc. Aside from these empirical approaches, Simons et al. developed the first purely theoretical approach to quantifying electronegativity. [16] This model was based on the positions of floating spherical Gaussian orbitals. However, Boyd and coworkers were the first to develop a theory for quantifying electronegativity based on the topology of the electron density, ρ(r), despite the obvious relationship between the two properties. [17, 18] Their work * jpearson@upei.ca revealed a power series relationship between the Pauling electronegativity of atom or group A (when bonded to H, thereby forming the system A−H) and a parameter, the electronegativity factor, F A , which they define as
Herein, r c is the position of bond critical point of the A−H bond, r AH is the bond length, r H is the distance between the bond critical point and the hydrogen atom, and N A is the number of valence electrons associated with atom/group A. While this form of analysis worked quite well for both atomic and group electronegativities, it is a rather complicated relationship. A more simple and intuitive approach would be ideal. Boyd recently stated the need for a more rigorous theoretical basis for electronegativity, noting that the most likely avenue for this basis would be through a topological/topographical approach. [19] One way to approach this is to examine the distribution of localized electron pairs within different chemical systems. The localized pair model (LPM), which was previously developed in our laboratory, accomplishes this goal. [20] [21] [22] The LPM was developed specifically to analyze electron pair behaviour within covalent bonds and lone pairs and we are just beginning to demonstrate the wide range of applications of such an approach. These chemically intuitive features are represented mathematically by doubly-occupied localized molecular orbitals (LMOs). [23] [24] [25] [26] [27] [28] In the past, we have used the model to demonstrate strong correlations between localized electron pair distributions and both bond dissociation energies [20] and acid dissociation constants, [21] even at the Hartree-Fock level of theory.
In considering a LPM approach, one way to observe the migration of electrons as a result of electronegativity differences is through the localized extracule density, E(R). This can be obtained from the wavefunction, Ψ, by
D r a f t where δ(x) is the one-dimensional Dirac delta function, and r i is the position vector of electron i. The extracule density describes the probability that the centre-of-mass of an electron pair would be at a specific distance from a given origin. [29] [30] [31] [32] Thus, these localized extracules can model the change in position of the electron pair centreof-mass as a function of the two atoms involved in the bond, thereby providing a measure of the tendency for each atom to attract a specific electron pair to itself. For the purposes of this study, hydrogen was bonded to the atom of interest (as it is considered to be neither electron donating, nor electron withdrawing), thereby forming the system A−H, and representing a unique way of quantifying the electronegativity of atom A. The systems of interest in this study are those where A is any first or second row atom that has open valence sites.
While the main goal is not to exactly match existing electronegativity scales, considering that most existing scales agree well with one another, strong correlations to existing models would provide evidence for the validity of this model. Perfect agreement with existing models is not necessary however, as existing models do not even perfectly agree with one another. Considering so many different models have been developed, this points to the absence of a fundamentally strong definition of electronegativity. The model presented herein represents a very simple, yet intuitive model of electronegativity as it explores the distribution of electron pair distributions within a single chemical bond. This method has the potential to define electronegativity using a purely theoretical approach.
II. COMPUTATIONAL METHODS
The extracule densities for the systems involved in this study were calculated using a modified version of the recurrence relation developed by Hollett and Gill for position intracules, which model the probability of interelectronic separation distances. [33] Before we can describe the recurrence relation, we must first introduce a few variables. The recurrence relation is developed for a set of Gaussian functions where a Gaussian primitive, a, with exponent α, is given by
where the angular momentum of a = (a x , a y , a z ) and the function is centred on A = (A x , A y , A z ). Likewise, the Gaussian primitives, b, c, and d are centred at B, C, and D with exponents β, γ, and δ, respectively. Using these Gaussian type orbitals, we can define the following variables:
The fundamental integral for the scalar extracule density is given by,
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where i 0 (x) is the modified spherical Bessel function of the first kind defined as i 0 (x) = sinh(x)/x. From this fundamental integral, integrals containing Gaussian primitives of arbitrary angular momentum can be determined from the modified version of the 8-term recurrence relation of Hollett and Gill that is given by:
which describes how to obtain the integral for augmenting the angular momentum of the i th coordinate (i = x,y, or z) by one (1 i ).
Two metrics describing the location of the electron pair centre-of-mass, R, were chosen for the purposes of this study. They are the position of the maximum of the extracule density, R max , and the average value of R, R , which is defined as
As defined, these metrics can be problematic as they are bond length dependent. Thus, for comparative purposes, they were determined as a fraction of the bond length and are denoted R sociation energies of homo and heteronuclear diatomics. Alternatively, Sanderson utilized a measure of compactness of an atom while the Allred-Rochow method related electronegativity to effective nuclear charge and covalent radius. The Allen Scale is based on configuration energies, which were defined as the average one-electron energy of a valence-shell electron in a single atom whereas Mulliken defined it simply as the arithmetic mean of the ionization potential and the electron affinity. As previously noted, one might expect that the centreof-mass of the electron pair within a bond LMO would provide an indication of electronegativity. Thus, using the two aforementioned metrics, correlations between each of the given scales and the two metrics were performed. The data for both the saturated and truncated hydrides are presented in Tables I and II, respectively. For both the saturated and truncated molecular systems, R max % did not exhibit strong correlations with established electronegativity values, as is evident based on the coefficients of determination (R 2 ) being as low as 0.775. Visual evidence for this is provided in Figure 1 a) which depicts the relationship between Pauling electronegativities, χ Pauling and R max % . This graph clearly demonstrates the presence of three outliers which represent the F−H, O−H, and N−H bonds. These outliers are present for all 5 electronegativity scales and are the major factor for the poor relationships. Upon the removal of these outliers from the dataset, the R 2 value for the relationship with χ Pauling improved from 0.853 to 0.965, along with substantial improvements in the fits for the other four scales.
As the average value of R is more indicative of the full distribution than simply the maximum, one might expect that the relationship between this property and electronegativities would be better. This is strongly supported by the data as when considering R % , the correlation between the two properties increased significantly What is more enlightening is to look at the differences between the metrics for the saturated and truncated hydrides. While systems with formulae A−H and A−H 2 are obviously very similar between these two sets, molecules with more valence sites begin to differ significantly in terms of our two metrics. This suggests that this method would be highly useful for defining group electronegativities, and based on the strong correlations with current electronegativity scales, the accuracy of such an approach is expected to be quite high. One might be surprised that better correlations were obtained for the saturated molecular systems as opposed to the truncated hydrides despite the presence of additional hydrogen atoms that could distort the extracule density. However, as hydrogen atoms are considered as the reference for electrondonating versus electron withdrawing, they would be expected to have minimal effects on the extracule density. They simply serve to saturate all valence sites on the heavy atom. Furthermore, the presence of radicals and or paired electrons that would otherwise be involved in bonding interactions is surely to introduce some error into the modelling of the systems. Thus, we propose that saturating all valence sites of atom A with hydrogen atoms is a more accurate way to model the electronegativity for said atom. Conversely, if one were to substitute the hydrogen substituents with other functional groups, one could easily extend this method to determine electronegativities for that full chemical group (e.g. -CH 3 vs -CH 2 OH or -CH 2 F). In comparison to the Boyd method, which had a correlation coefficient of 0.991 (for χ Pauling ) using the power series relationship between χ A and F A , the LPM approach works extremely well (R 2 = 0.993). Considering its simplicity, as one only need consider the average distance of the electron pair centre-of-mass from the atom of interest, this model is a simple, intuitive, and accurate approach to quantifying, perhaps even defining, electronegativity from a purely theoretical standpoint.
As the Pauling scale is so popular, many other electronegativity methods are modified to conform to the values of this scale. This is often done by scaling the electronegativity values of the new method to fit within the upper and lower bounds of the Pauling method (F as the upper bound and Cs or Fr as the lower bound). Applying a similar approach here, we use the linear relationship between χ Pauling and R % (as shown in Figure 2b ) to develop our own electronegativity scale, χ LPM . The electronegativity values obtained from this approach are compiled below in Table III . The largest deviations in the χ LPM values with respect to the Pauling values were for fluorine and sulfur at approximately 0.14 while the smallest deviation was observed for sodium (0.001).
Regardless, the mean absolute deviation for the set of 14 atoms was only 0.054. Furthermore, considering we have strong agreement between our model and the five electronegativity scales (that are significantly different in origin) studied herein, our model demonstrates strong potential for consideration as a novel, purely theoretical, method for describing electronegativity. 
IV. CONCLUSIONS
We have applied the LPM to the set of first and second row hydrides in an attempt to develop a relationship between the electron pair centre-of-mass and electronegativity. The localized extracule density was an obvious choice for application to electronegativities based on the absolute electronic position information contained within the function. We have demonstrated strong correlations to several pre-existing electronegativity scales and thus, propose that the aforementioned method could be used as a novel method for defining electronegativity. This specific study illustrates another useful application of the localized pair model in addition to those that we have highlighted in past reports. [20] [21] [22] D r a f t
